The pyroelectric technique, called the laser-intensity-modulation method, was used for investigations of the spatial distribution of the pyroelectric coefficient that gives information about the director profile in ferroelectric liquid crystal ͑FLC͒ cells. The pyroelectric current from a cell, illuminated by the intensity-modulated laser beam, was measured as a function of the modulation frequency. The Tikhonov regularization procedure was used for the deconvolution of the pyroelectric current spectrum into the spatial profile of the pyroelectric coefficient. It was found that in the surface-stabilized ferroelectric liquid crystal ͑SSFLC͒ structure with a splayed director profile, the flexoelectric contribution to the local polarization has comparable magnitude with the spontaneous one. The effective flexoelectric coefficient of the investigated FLC material and the flexoelectric polarization of the SSFLC structure were determined.
I. INTRODUCTION
There are two experimental methods that are most frequently used for measuring the spontaneous polarization of ferroelectric liquid crystal ͑FLC͒ materials. These are the reversal polarization current method using triangular 1 or rectangular 2 voltage wave form, and the pyroelectric method, 3, 4 that include the continuous modulation 5 and the impulse 6 techniques. These methods involve the application of a large voltage across the sample just sufficient to unwind a helical structure of the chiral smectic C(SmC*) phase and thus to create a uniform alignment of the spontaneous polarization in all of the smectic layers. In this uniform state there is no flexoelectric contribution 7 to the local polarization of a chiral system in a ferroelectric SmC* phase that is measured. Hence, the earlier mentioned techniques measure only a part of the averaged local polarization inherent in the SmC* phase. The laser-intensity-modulation method ͑LIMM͒ pyroelectric technique, in spite of the complexity of its deconvolution methods, allows us at least in principle to investigate not only the spontaneous and the flexoelectric contributions to the total polarization of the ferroelectric SmC* phase but also their spatial profiles of the different structures.
In this article, the LIMM pyroelectric technique, developed by Lang and Das-Gupta, 8 was used for studying the spatial distribution of the local polarization and the molecular alignment in the ferroelectric SmC* phase. Recently this pyroelectric method was applied for studying the ferroelectric liquid-crystalline elastomers. 9 The principle of the LIMM is as follows. [8] [9] [10] [11] An intensity-modulated laser beam irradiates an opaque electrode of a sample. Absorption of the laser light in the electrode produces thermal waves that extend into the sample which cause the pyroelectric response; this is a convolution of the pyroelectric coefficient distribution and the temperature profile across the sample. The penetration depth of the thermal waves depends on the modulation frequency and decreases with increase in the frequency. Higher is the modulation frequency, nearer to the heated electrode region of the sample is the pyroelectric response. Then, the measured pyroelectric current spectrum is deconvoluted to a spatial distribution of the pyroelectric coefficient. In mathematical sense, this task is the solution of the Fredholm's integral equation of the first kind, which belongs to the ill-posed problems. Deconvolution is carried out by using the Tikhonov regularization procedure, 12 which has only recently been applied to the LIMM method.
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II. EXPERIMENTAL TECHNIQUES
The material used in our experiments was ferroelectric pitch-compensated mixture SCE13 ͑BDH͒. According to the specifications given by BDH ͑now E. Merck͒ this FLC mixture has the following phase transition sequence: isotropic (100.8°C) N*, (86.3°C) SmA*, and (60.8°C) SmC*. The latter phase exists down to the room temperature.
A cell, used for the pyroelectric measurements, consisted of two glass plates with indium tin oxide ͑ITO͒ layers as electrodes and the Mylar thin-film stripes of 15 m thickness as spacers ͑Fig. 1͒. One of the ITO layers was coated with a͒ Author to whom correspondence should be addressed; electronic mail: jvij@tcd.ie 50-nm-thick aluminum film using vacuum evaporation. A set of rectangular electrodes of dimensions 4ϫ20 mm 2 was arranged cross-like in the cell. Hence, the working area of electrodes was 4ϫ4 mm 2 . For homogeneous alignment of the liquid crystalline sample, the conducting surfaces of the glass plates were spin coated with polyimide film ͑RN-1266, Nissan Chemical Industry͒, these were cured for a duration of 1 h at a temperature of 250°C and then both rubbed in one direction. The cell was heated and filled with the FLC mixture in the isotropic phase and cooled slowly to the ferroelectric SmC* phase. Figure 1 shows a schematic diagram of the pyroelectric cell used in the pyroelectric measurements. The pyroelectric current is fed to the lock-in-amplifier as before. 14 The sample is heated with an amplitude modulated light beam generated by a semiconductor diode laser module. The amplitude modulated light beam modulated a frequency of f is absorbed by the opaque electrode ͑aluminum and ITO films͒ on the upper side of the lower glass plate and causes an oscillation in temperature of the electrode and its surroundings, i.e., liquid crystal and glass plates. The oscillating temperature produces alternating pyroelectric current in a sample. A diode laser module with the wavelength of 685 nm and the cw output power of 19.5 mW was used as a modulated light source. The current through the laser diode module is regulated by TTL logic, consequently the intensity of its light beam follows approximately to that of a rectangular wave form. Lock-in amplifier with internal current-to-voltage converter measures the rms magnitudes of the real and the imaginary components of the pyroelectric current at the first harmonic of the modulation signal.
III. THEORETICAL BACKGROUND
A. Model of temperature distribution within the sample
The coordinate system is defined such that the axis x is along the cell thickness, z axis is along the smectic layer normal, the y axis is along the glass plate; x, y is the smectic layer plane and y, z is the plane of the glass plate. This will be shown on the diagram later. The heating by laser of the opaque electrode (xϭ0) produces a heat flux q ͑in W/cm 2 ) given at the first harmonic of the modulating TTL voltage by the expression q(0, t)ϭq 0 ͓1ϩcos(t)͔, where q 0
2 ) is the cw intensity of laser beam, is the radial frequency, and is the coefficient of the absorption of light in the electrode. The heat flux consists of a constant term plus a periodic one. Since the diameter of the laser beam is assumed to be much greater than the sample thickness, the one-dimensional heat-conduction equation is applicable to the problem under discussion. Temperature increment ␦T, produced by the laser heating can be expressed as the sum of a term T c due to the constant component of the heat flux and a term T m caused by the modulated component of the heat flux. It is known 8 that T c distribution decays to a steady spatial distribution with exponential time dependence for a time of approximately 1 ms and therefore cannot contribute to the sinusoidal response measured in our experiment.
We have examined an applicability of several thermal models to our case, some of these are described in the literature, 8, 9, 11 and these were applied to the geometry of the liquid crystal cell. It was found, however, that the model given by Leister et al. 9 gives the most reliable results for the deconvolution of the experimental data using the regularization procedure
ϭ͑1ϩi ͒ͱ/2D. 
B. Pyroelectric current
The pyroelectric current is given by the expression 8,10
where A is the electrode area and p(x) is a spatially dependent pyroelectric coefficient. This coefficient describes the rate of change ⌬Q/⌬T of the surface charge ⌬Q produced by a temperature change ⌬T. The various terms that contribute to the pyroelectric coefficient are given by
where 0 is the permittivity of vacuum, is the relative permittivity of the investigated material, and E(x) is the electric field. The coefficients ␣ P , ␣ x , and ␣ denote the relative temperature dependencies of the polarization, the thermal expansion, and the permittivity of the sample, respectively. A spatial dependence of the pyroelectric coefficient may be caused by a spatial dependence of the spontaneous polarization or by free charges, intrinsic or injected from the electrodes. 8 Only in the case when the polarization charge divP is locally compensated by a free charge density (x), i.e., divPϭ, Eq. ͑3͒ reduces 16 to the well-known expression p(x)ϭ␣ P P(x)ϭ‫ץ‬ P/‫ץ‬T. We believe that in most liquid-crystalline materials having a free charge concentration of ϳ10 15 cm Ϫ3 , this is indeed the case, at least in the absence of an external electric field.
Inserting the temperature distribution from Eq. ͑1͒ into Eq. ͑2͒ we obtain
where J m0 ( f ) is frequency dependent complex amplitude of the pyroelectric current.
C. Regularization technique
In a LIMM experiment, the pyroelectric current J m0 ( f ) is measured as a function of the modulation frequency f. The goal of these measurements is to retrieve the pyroelectric coefficient p(x) contained in the integral on the right-hand side of Eq. ͑4͒, which is a Fredholm integral equation of the first kind. The deconvolution of this type of equation is generally viewed as an ill-posed mathematical problem. One of the best methods, providing stable and reliable solution of this type of problem, is the Tikhonov regularization method. 12 It implies that to find the real pyroelectric coefficient distribution p(x) we should optimize the following expression:
where J( f n ) are the experimental data, J m0 ( f n , p ␣ ) are the data calculated using Eq. ͑4͒. These are the calculated magnitudes of the pyroelectric current at frequencies f n and for pyroelectric distribution p ␣ (x). ␣ and L are the regularization parameter and the operator, respectively. p ␣ (x) is an approximation of the real distribution p(x) for a regularization parameter ␣ and N f is a number of experimental points ͑which are the number of frequencies͒. We used the first derivative of the function p ␣ (x) in the regularization term Lp ␣ (x) for getting of smooth spatial distribution. The norm ʈLp ␣ ʈ defined in the earlier equation is given as
The first term in Eq. ͑5͒ minimizes the deviations between the experimental data and those predicted theoretically, whereas the second term affects the smoothness of the curve that approximates p(x). The choice of the regularization parameter ␣ is very important for the quality and the reliability of the p ␣ (x) fit. Several principal methods are involved in the choice of the regularization parameter. 12, 17 The principle of the Honerkamp-Weese self-consistency method 17 is based on the assumption that the optimal regularization parameter gives the minimum value of the norm D(␣)ϭʈ p Ϫp ␣ ʈ. We use a simpler method based on their basic concept and state that the regularization parameter is optimal if it gives the minimum norm ʈdp ␣ /d␣ʈ.
To find the applicability of this method to our problem, we have selected one of the typical distributions occurring in chiral ferroelectric liquid crystals p(x)ϭ p 0 cos( 0 ϩx/d), where p 0 ϭ1 nC/cm 2 K and 0 ϭϪ100°. Using this pyroelectric distribution and Eq. ͑4͒ the simulated currentfrequency spectra were calculated. These are shown in Fig.  2͑a͒ . Then polarization distribution was calculated from the real J Re and the imaginary J Im parts of the pyroelectric current using the regularization method described earlier ͓Eqs. ͑5͒ and ͑6͔͒. The initial distribution of the pyroelectric coefficient ͑solid line͒ and the pyroelectric coefficient profiles calculated using the regularization procedure, are shown in Fig. 2͑b͒ . We note that the results so obtained fit the initial distribution rather well except in small regions close to the front and the rear surfaces of a cell. These prove the validity and the reliability of our numerical procedure and more specifically provide the correctness of the regularization parameter choice method used here.
D. Local polarization in FLC material
Molecules in a smectic layer of a FLC material are tilted with respect to the layer normal ͓Fig. 3͑a͔͒. The coordinate system of the axes is also shown in this figure. The vector n denoting the director indicates the tilt direction and is described by the polar tilt angle and the azimuthal angle . Local polarization in FLC materials in the absence of external electric field consists of two parts. The first part is the spontaneous polarization P S whose magnitude is coupled with the tilt angle . The direction of the vector P S is always perpendicular to the tilt plane and is given by the expression P S ϭ P 0 (z•n)͓zϫn͔, where z is the layer normal and P 0 is a material parameter. 18 If vectors P S , z and n make a righthanded system then the FLC material is defined to have positive P S and the parameter P 0 Ͼ0. The second part of the local polarization is the flexoelectric polarization P F , which may approximately be of the same order of magnitude as P S . The flexoelectric polarization appears in liquid crystals for the cases when the field of the director n(x,y,z) is not uniform 19 and is given by the expression P F ϭe s n(ٌ•n)ϩe b n ᠬ ϫٌ͓ ϫn ᠬ ͔, where e s and e b are the flexoelectric coefficients for the splay and the bend deformations, respectively.
It is well known that surface interactions in thin-layer FLC cells unwind the helical structure of the SmC* phase 20 and produce the so called surface-stabilized ferroelectric liquid crystal ͑SSFLC͒ structures. In very thin samples, the SSFLC structure is characterized by the uniform director distribution and a uniform spontaneous polarization profile. In more thick samples the nonuniform or the so-called ''splayed structures'' are more stable. In a splayed structure, the azimuthal angle of the spontaneous polarization changes across the sample from its value at the bottom 0 to the top boundaries d ͓Fig. 3͑b͔͒ of the cell. The azimuthal angles of the polarization and the director are connected to each other through the equation ϭϮ/2 ͓Fig. 3͑a͔͒, where the signs ''ϩ and -'' correspond to the FLCs with positive and negative spontaneous polarizations.
The pitch-compensated FLC mixture investigated in our work produces the splayed SSFLC structure in the sample of 15 m thickness. In the geometry of our experiment ͑Figs. 1 ͑b͒ The pyroelectric profiles obtained from the real ͑solid circles͒ and the imaginary ͑open circles͒ parts of the simulated pyroelectric current spectrum by using the regularization procedure and the initial pyroelectric coefficient distribution ͑solid line͒.
FIG. 3. ͑a͒
Definitions of the azimuthal and the tilt angles. These describe the orientation of the director n and the spontaneous polarization vector P s in the smectic layer. Axes are defined, xϪy plane is parallel to the smectic layers, z is along the layer normal. ͑b͒ The spontaneous polarization distribution in a splayed SSFLC structure in the smectic layer xϪy. The azimuthal angles of the polarization at the bottom (xϭ0) and at the top (xϭd) boundaries are 0 and d ϭ 0 ϩ180°, respectively. The layer normal, i.e., z direction, is perpendicular to the plane of the paper.
and 3͒ the components of the spontaneous polarization P Sx and the flexoelectric polarization P Fx along the x axis are given as P Sx ϭϪ( P 0 /2)sin 2 sin and P Fx ϭ1/2(e b Ϫe s )sin 2 sin 2(d/dx). Therefore, the projection of the total local polarization on the x axis is expressed as
In principle, in this expression there are three temperature dependent parameters. These are the two flexoelectric coefficients e s and e b , and the tilt angle . The latter has a strong temperature dependence, which is given approximately by (T AC ϪT) ␤ . Here T AC is a temperature of the phase transition from the paraelectric SmA* to the ferroelectric SmC* phase and the exponent ␤ usually varies from 0.3 to 0.5. Due to the absence of the information regarding the temperature dependence of the flexoelectric coefficients in SmC* phase, we will consider these to be independent of temperature in what follows. In this case, the pyroelectric coefficient p(x) obtained from the Eq. ͑7͒ can be expressed as
This equation will be used for fitting the experimentally obtained distribution of the pyroelectric coefficient across the sample.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Experimental measurements were carried out in the SmC* phase of a FLC mixture SCE13 at room temperature ͑24°C͒. Pyroelectric current has been measured in the frequency range from 1 Hz to 5 kHz at ten points per decade of the frequency spectrum. Figure 4͑a͒ shows the frequency spectra for the real J Re and the imaginary J Im parts of the pyroelectric current. The real part of the pyroelectric spectrum shows a maximum at a frequency of ϳ200 Hz and then drops down to a lower value. This result allows one to state qualitatively that the pyroelectric coefficient near the front surface of the cell is lower than in the middle of the cell and consequently the polarization profile of the investigated SSFLC structure is not uniform. The profiles of the pyroelectric coefficient p(x) calculated from the real and the imaginary parts of the pyroelectric current using the regularization procedure are given in Fig. 4͑b͒ . The spectra of the pyroelectric current J m0 recalculated for these profiles using Eq. ͑4͒ are presented in Fig. 4͑a͒ by the solid lines. The norm of the deviation between the measured and the calculated spectrum is about 2.5% for the real and the imaginary parts of the current. These p(x) profiles monotonously decrease when reaching the two boundaries. Near the front boundary the profiles obtained for real and imaginary components of the pyroelectric current have a maximal deviation.
A priori it is apparent from the obtained results that the director distribution in the SSFLC sample is not uniform. For the uniform director distribution, the pyroelectric profile would have been found to be flat across the cell thickness with a nonzero amplitude. Therefore, the director has different orientations at the boundaries of the FLC cell, these are characterized by the azimuthal angles 0 and d on the front and the rear boundaries of the cell, respectively. In the absence of the external electric field the transition from the orientation at the front boundary to the rear goes through a uniform rotation in the azimuthal angle, with a constant rate of d/dxϭ( d Ϫ 0 )/d. In the case of the symmetrical boundary conditions d Ϫ 0 ϭϮ180°. Further we will consider this case. To find out the details of the director distribution and the contribution ratio of the spontaneous and the flexoelectric polarization to the total polarization in the investigated SSFLC sample, we fitted the experimental data using Eq. ͑8͒. The fitting function was taken in the form of p(x)ϭB s sin (x)ϩB f sin 2(x) with (x)ϭ 0 ϩx•/d. The   FIG. 4 . ͑a͒ The real J Re and the imaginary J Im parts of the pyroelectric current spectra measured for a SSFLC sample and those (J m0Re and J m0Im ) recalculated by using Eq. ͑4͒ for the determined pyroelectric coefficient profiles. ͑b͒ The pyroelectric coefficient distributions calculated from the real ͑solid circles͒ and the imaginary ͑open squares͒ parts of the pyroelectric current spectra using the regularization procedure and the best-fit curve obtained with the aid of Eq. ͑8͒.
fitting parameters were B s , B f , 0 . The parameters B s , B f describe the contributions of the spontaneous and the flexoelectric polarizations, respectively, whereas 0 is the azimuthal angle of the director on the front boundary of the cell. The best-fit parameters are found to be B s ϭ0.103 nC/cm 2 K, B f ϭϪ0.048 nC/cm 2 K, and 0 ϭ Ϫ13.5°. The corresponding curve is presented in Fig. 4͑b͒ by a solid line. These results show that the contribution of the flexoelectric polarization to the total pyroelectric coefficient is approximately two times lower than that for the spontaneous one.
From the data sheet of the SCE13 mixture given by the manufacturer, the value of the tilt angle and its temperature derivative d/dT were estimated to be equal to 21.6°and Ϫ0.0018 rad/K, respectively. Using these parameters and the best-fit values of the parameters B s and B f , the coefficient of the spontaneous polarization P 0 ϭ81 nC/cm 2 and the effective flexoelectric coefficient (e b Ϫe s )ϭϪ0.038 nC/cmϭ3.8 ϫ10 Ϫ11 C/cm were calculated. The modulus of the spontaneous polarization P s ϭ( P 0 /2)sin 2 calculated with the obtained parameter P 0 is found to be 27.5 nC/cm 2 , which agrees perfectly with the value specified by the manufacturer for the SCE13 mixture (27.8 nC/cm 2 at 20°C͒. The magnitude of the flexoelectric polarization P F ϭ1/2(e b Ϫe s )sin 2 (d/dx) is 5.3 nC/cm 2 , which approximately is 20% of the spontaneous polarization. In very thin samples (1.5 m) that are used for the electro-optical studies, for example in the investigations of the cells that exhibit Vshaped switching, this contribution should be about ten times higher due to a large value of d/dx.
In conclusion, the LIMM pyroelectric technique with Tikhinov regularization procedure was used for the determination of the spatial distribution of the director in the SSFLC cell. It was found that the flexoelectric polarization makes an important contribution to the local polarization and cannot be neglected. The magnitude of the flexoelectric polarization was determined for the investigated FLC material, and was found to be about 20% of the spontaneous polarization.
